Introduction
Expectations of, and demands on, today's equine athlete require monitoring of its locomotor system to maintain orthopaedic health. In the practical situation, the soundness of the distal limb is one of the most important features in the performance horse and manifested lameness is too often the result of irreparable damage to critical tissues. To understand the delicate balance between soundness and lameness, in-depth knowledge is needed as to which biomechanical signals produced by hoof ground interaction may engender physiological or pathological tissue adaptations. To date, we can measure accurately the biomechanical stimuli in terms of forces, pressures, movements, accelerations and strains in the distal limb at impact, support and break-over. Furthermore, we can see the results of these biomechanical challenges to critical tissues of the distal limb, at a young age as 'maturation or functional adaptation' and at an older age often as 'wear or damage'. The purpose here is to review the recent biomechanical literature to hoof ground interaction and to relate presentday knowledge in this field to potential challenges to distal limb tissues, which may impair the health status of the locomotor system of the horse.
Hoof conformation
'No foot, no horse' is an ever-living adage in our pursuit to protect and, in some cases, enhance the well being of the equine athlete. Form and function are the basis of how we understand and manipulate the hoof. The form of the external hoof is indirectly related to the form and function of the internal structures of the hoof (Thomason et al. 2001; Moleman et al. 2005 Moleman et al. , 2006 . Conformation is the static relationship between the segments of the distal limb, while balance is both a static and dynamic consideration of optimal function of hoof and distal limb. Consequently, conformation and balance of hoof and distal limb, and the interaction with movement, trimming, shoeing and ground surfaces are important factors in equine hoof and distal limb health and performance (Kane et al. 1996 (Kane et al. , 1998 Anderson and McIlwraith 2004; Anderson et al. 2004; Gross et al. 2004; Hill et al. 2004; Hernandez et al. 2005) .
Conformation can be appreciated qualitatively or quantitatively. Many early studies have relied on subjective judgement protocols, while recent studies have tried to determine objectively the geometry of the hoof and internal structures of the distal limb (Tacchio et al. 2002; Roland et al. 2003; Moleman et al. 2005 Moleman et al. , 2006 Kummer et al. 2006) . Hereditary, nutritional and environmental factors are thought to influence conformation in the growing equine athlete (Kroekenstoel et al. 2006; van Heel et al. 2006a) . The relative significance and interaction of these factors is, however, poorly understood.
From the first few days of the foal's life, the hoof adapts to loading, and even slight deviations of the distal limb are reflected in the form of the hoof. Consequently, it is suggested that trimming of the foal should start early (age 4 weeks) and to follow every month to maintain correct conformation. In pathological conditions a more frequent control (every 2 weeks) by farriers and veterinarians is advocated (Back 2001) . Static hoof balance and distal limb conformation can supposedly be manipulated during the early period of life (Kroekenstoel et al. 2006) . However, the validity of this practice is rather speculative and, if incorrectly used, may lead to other clinical problems of hoof and distal limb.
In the standing mature horse, hoof balance and conformation have been studied more extensively Moleman et al. 2005 Moleman et al. , 2006 Kummer et al. 2006) and hoof form has been related significantly to distal limb conformation in the mature horse (Anderson and McIlwraith 2004) . Foot conformation is related directly to forces applied to the navicular bone of sound horses at the trot (Eliashar et al. 2004) . Van Dixhoorn et al. (2002) described in vitro the motion of the navicular bone during vertical loading of the equine forelimb as being in the sagittal plane.
With hoof growth during a shoeing interval, the angle of the dorsal hoof wall decreases and the length of the toe increases (cf. 'long toe, low heel syndrome'), while the centre of pressure moves towards the heel Moleman et al. 2006) . Consequently, the moment of force at the distal interphalangeal (DIP) joint and hence tension in the deep digital flexor tendon (DDFT) and the pressure on the navicular bursa increase. The moment of force does not seem to increase in the proximal interphalangeal (PIP) joint, which is probably related to an increase in counter pressure of the DDFT and a subsequent Science: Overview Hoof ground interaction: when biomechanical stimuli challenge the tissues of the distal limb reduction of the moment arm through dorsal rotation of the proximal segments of the distal limb (Moleman et al. 2006) .
Apparently, the geometric orientation of the segments of the distal limb determines the loading of internal structures during the stance phase of the stride cycle. Conformation of the hoof is directly related to distal limb loading, and maintaining its optimal balance therefore plays an essential role in preventing tissue injuries in the distal limb.
Hoof balance
Hoof motion or balance is a concept that relates structural function and interaction with the surface and is influenced by conformation, movement, trimming, shoeing and equestrian discipline. The notion of balance is the optimal function of the hoof and distal limb during loading, i.e. during the stance phase. The duration of the stance phase varies considerably, due primarily to gait and speed. The stance phase or the period of hoof contact with the surface can be divided into 3 periods as related to the movement of the hoof with respect to surface: impact, support and break-over. The impact phase is a period of rapid deceleration of the hoof and high loading rates occurring within approximately the first 30 msec of stance (Gustås et al. 2001 (Gustås et al. , 2004 (Gustås et al. , 2006 . Support is a period where motion relative to the surface is slight at best and loading is high, which is the case during the greater part of the stance phase (Caudron et al. 1998a,b; Hood et al. 2001; Wilson and Pardoe 2001; Biknevicius et al. 2004; van Heel et al. 2004) . Break-over is the last part of stance, initiated by the elevation of the heels from the surface and continuing until lift-off (Willemen et al. 1996; Eliashar et al. 2002; Keegan et al. 2005; van Heel et al. 2005 van Heel et al. , 2006b ).
Initial ground contact and the 'impact' phenomenon
Excessive, rapid and repetitive or inappropriate loading and movement are thought to induce injury to the distal limb (Palmer and Bertone 1996; Radin 1999) . Therefore, the phase of rapid loading following initial contact of the hoof with the surface is thought to be important for the orthopaedic health of the horse. As the events during this phase are modified by shoeing and track surfaces, hoof conformation, shoeing and track surfaces have been incriminated in the induction of injurious loading and movement (Kane et al. 1996 (Kane et al. , 1998 Gross et al. 2004; Hill et al. 2004; Hernandez et al. 2005) .
The initial period of rapid increase and decrease of vertical and horizontal forces at impact has been studied using force plates (Roepstorff et al. 1999; Wilson and Pardoe 2001) , but, because of the low natural frequency of force plates, it has been generally accepted that accelerometers are a better method to study these events. During the concussion period, high-amplitude accelerations are observed during approximately the first 30-50 msec of stance (Gustås et al. 2001 (Gustås et al. , 2004 (Gustås et al. , 2006 . The movements and forces at first contact of the fore-and hindlimb are different, as the forelimb plants down the hoof, while the hind hoof makes a more sliding movement over the surface (Back 2001; Gustås et al. 2004) . However, acceleration patterns were found to be similar between fore-and hindlimbs (Gustås et al. 2004) and between different strides of the same individual (Gustås et al. 2001; . At initial ground contact a distinct vertical acceleration is generated during the first few milliseconds of the stance phase (Gustås et al. 2001) . The peak of this acceleration is highly variable in amplitude, which is likely due to the variability of initial hoof contact in the individual horse (Gustås et al. 2004; van Heel et al. 2004; . At first contact, the hoof usually lands asymmetrically with the lateral side of the hoof allowing for gradual loading of hoof and limb during the concussion phase (van Heel et al. 2004 ) and thus minimising load at impact. This first period of initial hoof contact, loading and attenuation is considered to be the impact phase.
A second period of acceleration peaks is engendered at about 10 msec after first contact (Gustås et al. 2001 (Gustås et al. , 2004 (Gustås et al. , 2006 simultaneous with an increase of the horizontal braking force, a concomitant rapid decrease in forward movement of the hoof over the surface and initiation of rapid movement of the segments of the distal limb (Gustås et al. 2001) . Accelerations are transmitted to levels higher than the fetlock joint and the vertical force at the hoof increases rapidly (Gustås et al. 2001) . This second period of accelerations represents a period of continuous vertical and horizontal braking of hoof motion and an increase in loading due to the increase of the effective mass. The absolute duration of this period, as determined by the horizontal hoof acceleration signal is between 30-50 msec and is independent of speed (Gustås et al. 2006) . The total period of concussion is approximately the period of muscle latency, which implies that the events at concussion cannot be modulated actively by muscle contraction. The nociceptive withdrawal reflex latency seems to be even longer (<100 msec forelimb, >120 msec hindlimb: Spadavecchia et al. 2002 Spadavecchia et al. , 2003 . The more proximal structures of the limb are thought to be important in the damping of this second period of loading McGuigan and Wilson 2003) . This second period just after impact is called the phase of hoof braking Gustås et al. 2001) .
Impact and hoof braking are influenced by surface-hoof interaction, and, if shod, by the shoe, as well as by intrinsic characteristics of the equestrian discipline such as speed. Recently, van Heel et al. (2004) demonstrated that changes in hoof conformation due to hoof growth can alter the duration of initial contact, suggesting different characteristics of the impact phase. In vitro and in vivo studies demonstrate extensive attenuation of the impact acceleration peaks at the level of the hoof complex, which are nearly totally extinguished at the level of the fetlock joint (Lanovaz et al. 1998; Willemen et al. 1999; Gustås et al. 2001) . Apparently, the hoof complex is a very effective absorber of impact accelerations. Steel shoes increase amplitude and frequency at impact, while the use of compliant materials, used in the forelimb, attenuates concussion accelerations and forces 636 Hoof ground interaction: biomechanical stimuli (Roepstorff et al. 1999; . Furthermore, shoes constructed of compliant materials seem to mitigate clinical lameness van Heel and Back 2006) .
Distal limb loading during the support phase
The support phase is a period of spatial stability of the hoof, but also of hoof loading. This phase has been studied using force plate technology (Back 2001; Wilson and Pardoe 2001) , force measuring horseshoes (Kai et al. 1999; Roland et al. 2005) and with the help of a treadmill with an integrated force plate (Weishaupt et al. 2002) . Force plates are highly accurate within a limited frequency range and require rigid covering surfaces, while force-measuring horseshoes may be influenced by the movement of the flexible hoof wall and by the orientation of the hoof with respect to the surface. Caudron et al. (1998c) used an inshoe foot force sensor as a validation tool for a radiographic method to assess hoof balance. The combination of force plates with pressure plates and with kinematic analysis techniques offers the possibility to study in detail forces and movements of the distal limb (van Heel et al. 2004 (van Heel et al. , 2006b .
Considerable information on the anatomical and force constraints of the distal limb has been generated through in vitro and in vivo studies on various aspects of the hoof complex, which is both rigid and flexible to support and accommodate the interaction of the hoof with the surface (Back 2001; Hinterhofer et al. 2001; Roepstorff et al. 2001; Olivier et al. 2001; Thomason et al. 2001 Thomason et al. , 2005 . Movement of the hoof capsule during movement has been quantified by the use of strain gauges, motion analysis systems and potentiometers (Dejardin et al. 1999 (Dejardin et al. , 2001 Roepstorff et al. 2001; Thomason et al. 2002) . Hoof placement, magnitude and direction of the force generated between hoof and surface, all influence the eventual biomechanical challenge to the entire hoof complex, which is made up, among other structures, of bones, joints, tendons, hoof capsule, sole, frog, digital cushion, ungular cartilage and numerous ligaments.
The anatomical locations on the sole of the hoof, where the total (vertical) force or pressure act are referred to as centre of force (CoF) and centre of pressure (CoP), respectively. These have been measured on rigid surfaces with force measuring plates, force measuring shoes and combined pressure-force measuring plates in several studies with slightly varying results (Caudron et al. 1998c; Wilson et al. 1998; Eliashar et al. 2004; van Heel et al. 2004) . During the support phase and at midstance, the CoF/P is located near or slightly to the side (medially in the forelimb and laterally in the hindlimb) of the cranial tip of the frog or, more correctly, the middle of the shoe, if a shoe is the interface between hoof and (hard) surface (van Heel et al. 2004 .
The application of wedges results in a shift of the CoF towards the wedge (Wilson et al. 1998; Caudron et al. 1998a,b; Chateau et al. 2002 Chateau et al. , 2005 Back et al. 2003) . A change in dorsal hoof angle due to growth results in a slight palmar shift of the CoP and, consequently, in an increase in load on the DDFT (Crevier- Degueurce et al. 2001; Viitanen et al. 2003a; Eliashar et al. 2004; Chateau et al. 2004 Chateau et al. , 2006a Pearce et al. 2004; van Heel et al. , 2006c Moleman et al. 2006) .
The distribution of the force over the support area of the hoof or shoe affects the mechanics of the hoof capsule. The hoof deforms continually throughout loading during the stance phase. During the initial loading phase the distal phalanx pulls the dorsal hoof wall backwards and downwards, pushes the quarters outward, causing the bulbs of the heels to expand (Olivier et al. 2001; Roepstorff et al. 2001; Thomason et al. 2002) . Shoeing limits this deformation and decreases bulb expansion (Hinterhofer et al. 2001; Roepstorff et al. 2001) . The unshod hoof can, therefore, adapt more freely to the applied load. Heel expansion ceases at the time of midstance, which is most likely due to the forward progression of the CoP van Heel et al. 2004) . The high loading at midstance causes the distal third of the hoof wall to expand or flare and the sole of the hoof to move distally (Olivier et al. 2001) . Flaring is potentiated by the application of a wedge, because of the relocation of the force or pressure towards the wedge. Similarly, the so called 4-point trimming method also seems to result in strain concentration above hoof contact points, while strain magnitude is dependent on contact area (Dejardin et al. 2001) .
Although modern motion analysis systems allow for the accurate determination of complex 3D movements, technical difficulties, such as skin displacement, and the relatively small size of the segments prohibit correct measurement of 3D motion of the individual segments of the distal limb. Recent studies have documented the movement of the distal limb using Steinmann pins implanted to individual limb segments (Degueurce et al. 2001; Chateau et al. 2002 Chateau et al. , 2004 Chateau et al. , 2005 Chateau et al. , 2006a . Although the effects of the use of Steinmann pins in terms of possible provocation of subclinical pain or enhanced skin sensitivity are not entirely clear and may, to a certain extent, have biased the results, these studies have been very helpful for a better understanding of equine distal limb mechanics.
These invasive studies have demonstrated that extension/ flexion range of motion of the PIP, a saddle joint with by far the largest range of motion in the sagittal plane, was less than presumed, based on skin marker studies and that slight medial/lateral movements and axial rotations occur at walk and trot (Chateau et al. 2002 (Chateau et al. , 2004 (Chateau et al. , 2005 (Chateau et al. , 2006a . The metacarpal and metatarsal phalangeal (MCP/MTP) joints are usually considered to be classic hinge joints with movement restricted to the sagittal plane. However, the studies of Chateau et al. (2002 Chateau et al. ( , 2005 have demonstrated the presence of axial rotation and medial-lateral motion (adduction/ abduction, sometimes called collateromotion; Denoix 1999) similar in magnitude as for the DIP and PIP joints.
The distal limb also acts as a spring by storing and releasing energy through the stretching and recoiling of the 637 C. Johnston and W. Back tendons of the distal limb McGuigan and Wilson 2003) . Therefore, the distal limb is in fact the passive foundation for the proximal segments and muscles that control and propel movement of the body while adjusting to conformational, movement-induced and environmental circumstances through medial-lateral and axial rotational flexibility. The hoof capsule, together with the joints of the distal limb, provides this flexibility of the distal limb. A diminished function of one of these components may increase loading of others, possibly exceeding the normal physiological capacity and therefore leading to injury.
Heel lift and break-over
At the end of the stance phase, the contact area between the hoof and the surface decreases, but various structures of the hoof complex, such as the DDFT and its accessory ligament may still be exposed to a considerable, or even an increasing load (Back 2001) . When the heel of the hoof rises, the CoP progresses towards the toe, therefore concentrating hoof loading in the toe region (van Heel et al. 2004) . The CoP travels first towards a maximal lateral deviation and then returns towards the sagittal axis of the hoof.
Break-over or unrollment is different for the forelimb and hindlimb, as during heel lift the forelimb rolls more laterally than the hindlimb (van Heel et al. 2004) . Between 2 shoeing sessions, the hoof-unrollment pattern stayed basically the same in the front feet but, in the hind feet, there was a substantial lateral shift of the trajectory of the CoP. As the capacity to compensate is less in the forelimbs, the relative increase in loading of these limbs during a shoeing interval is larger than in the hindlimbs (van Heel et al. , 2006c . The interphalangeal joints of the forelimb tend to rotate to a neutral position during the break-over period (Chateau et al. 2004 (Chateau et al. , 2006a . Consequently, the distal limb recoils to its normal conformation prior to the swing phase, suggesting a relationship between distal limb orientation during the stance phase and the dynamics of the swing phase.
Trimming and shoeing prospects
Concerning the effect of normal trimming van Heel et al. (2004) found that the preferred way of landing was lateral, asymmetrical in both front and hind feet. The duration of landing was shorter in forelimbs than in hindlimbs. Trimming decreased landing time equally in the fore as well in hind feet, and also decreased the intra-individual left/right difference in maximum lateral displacement, but did not alter the general pattern of unrollment (van Heel et al. 2004) . Trimming during a shoeing interval relocates the centre of pressure in palmar or plantar direction and therefore reduces tension in the DDFT (Moleman et al. 2006) . While trimming did not alter the general pattern of unrollment, it did reduce variability between contralateral limbs and hence in loading of the structures of the caudal hoof (van Heel et al. 2004) . Trimming may thus lead to a more even load distribution, which can be assumed to be a beneficial effect. Hoof growth between 2 shoeing sessions leads to a substantial increase of the moment about the DIP joint (Moleman et al. 2006) , but horses compensate for these changes by adapting the angular kinematics of the distal segments of the limbs (van Heel et al. , 2006c .
Studying the effect of the so called 4-point-trim (Ovnicek et al. 2003) , Dejardin et al. (2001) found that, in levelled specimens, strain fields were symmetrically distributed above the heels and at the quarter-toe junctions along a line between the middle and distal thirds of the hoof wall. Decreasing the contact area resulted in a significant increase in strain magnitude. Trimming did not have a significant effect on strain orientations. Hood et al. (2001) found that unshod and untrimmed horses, which were maintained at pasture, had a 4-or 3-point load distribution pattern on a flat solid surface, while trimming increased the surface contact area.
In vivo elevation of the heels resulted in predictable changes of 3D kinematics of the distal portion of the forelimb angles in the standing horse, and at walk and trot Degueurce et al. 2001; Chateau et al. 2004 Chateau et al. , 2006a Pearce et al. 2004) . Raising the heels decreases tension in the deep digital flexor tendon (DDFT) by decreasing the moment of force on the distal interphalangeal joint and conversely raising the toe results in increased tension on the DDFT (Crevier- Degueurce et al. 2001; Viitanen et al. 2003a; Chateau et al. 2004 Chateau et al. , 2006a Pearce et al. 2004) . Joint angles move into flexion with a heel wedge and extension with a toe wedge. The effect of heel wedges on the metacarpophalangeal (MCP) joint seems to be disparate in in vitro and in vivo studies, which may be due to the disruption of the proximal active tissues of the limb in cadaver studies.
Asymmetrical medial/lateral trimming or wedging results in closing of the joint space on the side of the wedge and opening of the joint on the opposite side (Caudron et al. 1998a ,b, Back et al. 2003 , Chateau et al. 2002 . Loading follows wedging, i.e. if the wedge is placed medially, loading is moved medially (Wilson et al. 1998) . This lateral loading of the hoof has been studied further in a sharp turn at the walk (Chateau et al. 2005) leading to considerable out of plane movements of the distal, but also of the proximal interphalangeal joints. The CoF follows the direction of the wedge on a hard surface (Wilson et al. 1998) and therefore results in asymmetric, out of plane articular loading (Chateau et al. 2002) . Such out of plane loading may eventually lead to injuries of articular cartilage and ligaments (Bowker et al. 2001 , Blunden et al. 2006a . Scheffer and Back (2001) and Chateau et al. (2006) evaluated the use of an eggbar shoe on compliant surfaces. Under these circumstances, eggbar shoes prevent palmar hoof sinking in the ground after initial ground contact.
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Hoof ground interaction: biomechanical stimuli On hard surfaces found that the maximum amplitude of both vertical and horizontal (forward/backward) accelerations at hoof impact was lower when using a polyurethane shoe than with a steel shoe. Polyurethane shoeing material may help in reducing peak vibrations through the damping properties of the material van Heel and Back 2006) . Acceleration patterns at impact as well as wear patterns of these shoes differ between individual horses, but are similar between different strides of the same individual horse (Mischler and Hofmann 2003; van Heel and Back 2006) .
In different countries, various opinions exist with respect to the use of a rolled toe. Eliashar et al. (2002) could not find differences between the kinetics of breakover when studying 3 horseshoeing styles. Also, Willemen et al. (1996) could not demonstrate an effect of a rockertoed shoe in a kinematic study. Keegan et al. (2005) found that trimming and shoeing with a shoe with contoured lateral branches induced greater mean lateral roll to the hoof when trotting, while van Heel et al. (2006b) demonstrated that shoeing horses with a rolled toe optimises hoof-unrollment and lowers peak loading during break-over on a stiff surface.
Interaction with ground surface
Surfaces have been investigated mainly with respect to their shock absorbing properties (Back 2001). Stiff surfaces result in increases in amplitude and frequency of impact accelerations, while more compliant surfaces significantly reduce both amplitude and frequency. In this context, it is of importance to emphasise the effect of friction or, more correctly, mismatch of friction and surface, and possibly ensuing aberrant movement. Ratzlaff et al. (2005) found that track rebound rate was most consistently related to initial acceleration peak during propulsion of the hooves of the forelimb and the nonlead hindlimb, as well as to the second acceleration peak during propulsion of the lead hooves of the hindlimb and nonlead forelimb. This inverse relationship between track rebound rate and negative acceleration peaks for all hooves reflects the most important dynamic property of a track. Any factor that reduces negative acceleration of the hooves will increase stride efficiency by allowing a smoother transition from retardation to propulsion and therefore may be important in determining the safety of racing surfaces.
On compliant surfaces the hoof deforms the surface through a slight rotation during the support phase. Sand, sandy gravel and soft treadmill surfaces allow for initial sinking of the heel during the concussion phase followed by forward rotation of the toe into the surface at midstance and break-over (Scheffer and Back 2001; Chateau et al. 2006b ). Irregular track surfaces result in irregular loading of the hoof and the distal limb, thus changing the vertical hoof forces and the balance of the resultant hoof forces (Kai et al. 1999) , possibly leading to early onset of lameness.
In unshod horses on sand surfaces, the hoof capsule shows a bridging or 4-point-like loading pattern, from which originates the idea of natural balance trimming and shoeing (Dejardin et al. 1999 (Dejardin et al. , 2001 Hood et al. 2001; Ovnicek et al. 2003) . However, the same horses that formed a bridging like hoof on a sand surface, had worn away the 4-point loading on a flat concrete surface, which was probably due to the restricted rotation of the hoof on the concrete surface. In line with this, Hood et al. (2001) found that ground surface contact areas on solid and deformable surfaces were significantly different. Maintaining unshod horses on a flat nondeformable surface resulted in a loss of the 3-and 4-point loading pattern and an increase in ground surface contact area.
Deformability of ground surface may have a role in foot expansion during loading too. An increased surface area, induced by loading on deformable surfaces, or by trimming or shoeing, protects the foot. Frictional properties of the surface have considerable effects on movement, form and wear of the hoof. Consequently, some shoeing practices (in relation to specific surfaces) may potentially protect the hoof from wear, as is the original intent of shoeing, but may alter the normal function of the hoof and distal limb also. Scheffer and Back (2001) demonstrated that the effect of wedges as established on hard surface was similar on soft, compliant surfaces. A sand surface and polyurethane filling shifts pressures away from the hoof wall to frog and sole area in square standing horses . Eggbar shoes prevent the distal limb from knuckling over at the fetlock after landing in semi-compliant surfaces (Scheffer and Back 2001) , and sinking of the heel into compliant surfaces (Chateau et al. 2006b ).
Modelling and simulation
Strain and stress in the equine hoof capsule have been analysed using a finite element analysis (FEA) and were found to be similar to those with principal strains recorded in vivo (Thomason et al. 2002) . Hinterhofer et al. (2000 Hinterhofer et al. ( , 2001 used this FEA technique as a model to predict the effect of flat horseshoes, raised heels and lowered heels on the biomechanics of the equine hoof.
Using skin markers, noninvasive 3D models have been proposed to describe the movements of the distal limb (Halvorsen et al. 2005; Hobbs et al. 2006) . Further, forceand moment-generating capacities of muscles in the distal forelimb, the effect of gait, and digital flexor muscle activation on limb compliance has been modelled too, including a dynamic simulation of the thoroughbred equine forelimb during stance phase of the gallop (Brown et al. 2003; McGuigan and Wilson 2003; Swanstrom et al. 2005) . However, thorough validations of these models are still lacking and their accuracy needs to be established. Thus, no predictions can yet be made based on these models about how relevant tissues in the distal limb are challenged by biomechanical loading. 
Tissue challenges
Our understanding of the characteristics of gait in horses with naturally occurring lameness in the distal limb has improved greatly in recent times (Trotter 2001; Williams 2001) , and the physiological responses to load in the equine distal limb of the growing horse have been investigated (Brama et al. 2000a) . Also, differences in the concentration of various synovial fluid constituents between the distal interphalangeal joint, the metacarpophalangeal joint and navicular bursa have been determined in normal horses (Viitanen et al. 2000) , as well as differences in contact areas, pressure distributions and topographical mapping of biochemical properties of articular cartilage (Brama et al. 2000b (Brama et al. , 2001 . It is clear that biomechanical regimes, i.e. exercise levels, can influence the constitution of different joint tissues (van Harreveld et al. 2002) and may lead to pathology that is reflected in synovial fluid markers, hyaline and fibrocartilage, flexor tendons, ligaments and other tissues in lame horses (Viitanen et al. 2001 (Viitanen et al. , 2003b Brommer et al. 2004 Brommer et al. , 2005 Blunden et al. 2006a,b) .
Nevertheless, much information on the relationship between mechanical challenges and tissue responses is still lacking, which limits the possibilities to optimise treatment and improve prevention of tissue injury (Hall et al. 2003; van Weeren and Nixon 2005) . Biomechanical challenges seem to induce inflammation in cartilage post traumatically (Guilak et al. 2004) . Incongruities as well as instability are supposed to be key factors in that process (McKinley et al. 2004) . Asymmetrical loading has an impact on articular cartilage (Borrelli and Ricci 2004) . Moreover, dependent on joint alignment, body weight has been related to the progression of knee osteoarthritis (Felson et al. 2004 ). Articular surface step-offs in human cadaveric ankles, aggregate contact stress gradients across joints and might be important for the induction of arthritis (McKinley et al. 2006) . When the real surface geometry is known, optimal articular cartilage contact models could be developed (Han et al. 2005) , and used to simulate relative and absolute overloading of articular cartilage with imaging of resultant effects of compression (Hardy et al. 2005 ). Furthermore, it can then be determined as to how stress rate influences water loss, matrix deformation and chondrocyte viability and induces time-dependent changes in chondrocyte gene expression in impacted articular cartilage (Chan et al. 2005; Lee et al. 2005; Milentijevic and Torzilli 2005) . These events have long-term effects on articular cartilage integrity (Vrahas et al. 2004) . On the other hand, long-term intermittent compressive stimulation seems to improve composition and mechanical properties of tissueengineered cartilage (Waldman et al. 2004 ). Thus, finetuning and modulation of biomechanical stimuli at different times and ages could eventually lead to an optimal maturation of these critical tissues in the distal limb in young animals, and also to accurate treatment and possibly adequate prevention of injury in older individuals.
Conclusions and future
The hoof/ground interaction can be broken down in the impact, support and break-over phases. All these phases are characterised by different patterns of biomechanical loading that challenge the tissues of the distal limb. This information can be combined in computer models that simulate responses of the different tissues of the equine musculoskeletal system to these challenges. These biomechanical signals at hoof level are of paramount importance for the processes of maturation and functional adaptation in the youngster as well as for the occurrence of wear and tear at older age. Understanding the general mechanism of how biomechanical signals and tissue responses are related, would provide opportunities for intervention at the right time in this process. In practice, this will then lead to early lameness detection, and the development of evidence-based treatments and adequate prevention programmes for (distal) limb problems in equine athletes.
